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Introduction {#eap1919-sec-0001}
============

Conservation of long‐distance migratory species requires understanding distribution and movement patterns across the annual cycle (Berger [2004](#eap1919-bib-0006){ref-type="ref"}). Migratory connectivity, generally defined as the extent to which groupings of individuals at breeding sites are maintained in wintering areas (Webster et al. [2002](#eap1919-bib-0076){ref-type="ref"}), is frequently used to evaluate population structure and identify key habitat areas for conservation (Martin et al. [2007](#eap1919-bib-0044){ref-type="ref"}, Ambrosini et al. [2009](#eap1919-bib-0003){ref-type="ref"}, Taylor and Norris [2010](#eap1919-bib-0073){ref-type="ref"}, Marra et al. [2011](#eap1919-bib-0043){ref-type="ref"}). While this traditional model of migratory connectivity may be sufficient to describe species that migrate back and forth between discrete breeding and non‐breeding locations, it fails to capture important aspects of migratory movements for species whose annual movement patterns are more complex (Seifert et al. [2016](#eap1919-bib-0067){ref-type="ref"}). Many species travel to pre‐ or post‐breeding staging sites separate from their principal breeding and overwintering areas or visit multiple breeding or wintering sites during a single season (Haig et al. [1998](#eap1919-bib-0026){ref-type="ref"}), and these movements play key roles in important demographic events such as pair formation (Weller and Batt [1988](#eap1919-bib-0077){ref-type="ref"}), attaining reproductive maturity (Bentzen and Powell [2015](#eap1919-bib-0005){ref-type="ref"}), or gathering information on habitat quality (Boulinier et al. [1996](#eap1919-bib-0010){ref-type="ref"}). Thus, movements that substantially influence population structure may fall outside the scope of many migratory connectivity assessments.

Migratory birds are a frequent focus of migratory connectivity research, since they travel greater distances than many terrestrial migrants and often have widely varying resource and habitat requirements during different periods of the annual cycle (Alerstam et al. [2003](#eap1919-bib-0080){ref-type="ref"}, Kirby et al. [2008](#eap1919-bib-0034){ref-type="ref"}). Consequently, the percentage of crucial habitat areas receiving some form of conservation is often lower for migratory birds than for non‐migratory avian species whose habitat requirements are met within more restricted areas (Runge et al. [2015](#eap1919-bib-0060){ref-type="ref"}). Among migratory birds, waterfowl are frequently targeted for conservation and management due to their value to both hunters and birders (Johnsgard [2010](#eap1919-bib-0030){ref-type="ref"}, Cooper et al. [2015](#eap1919-bib-0015){ref-type="ref"}, Rothe et al. [2015](#eap1919-bib-0059){ref-type="ref"}). However, understanding and conserving annual cycle habitat linkages in waterfowl is challenging due to their complex migration patterns: in addition to undertaking spring and fall migrations to and from breeding sites, members of many waterfowl species also migrate to specific post‐breeding sites to molt their flight feathers (Salomonsen [1968](#eap1919-bib-0061){ref-type="ref"}, Solovyeva et al. [2014](#eap1919-bib-0070){ref-type="ref"}) and may move between multiple sites during winter (Fox et al. [1994](#eap1919-bib-0021){ref-type="ref"}, Lindberg et al. [2007](#eap1919-bib-0039){ref-type="ref"}, Oppel et al. [2009](#eap1919-bib-0047){ref-type="ref"}). Although many waterfowl species display strong philopatry and site fidelity to breeding areas (Rohwer and Anderson [1988](#eap1919-bib-0057){ref-type="ref"}, Robertson and Cooke [1999](#eap1919-bib-0056){ref-type="ref"}), movements between and among non‐breeding sites may vary according to a suite of individual and environmental factors (Oppel et al. [2009](#eap1919-bib-0047){ref-type="ref"}). These additional non‐breeding movements are an important component of the annual cycle of some waterfowl, particularly sea ducks (Savard and Petersen [2015](#eap1919-bib-0064){ref-type="ref"}); however, they are not included in quantitative models of migratory connectivity that assume twice‐yearly movements between breeding and wintering habitats (Ambrosini et al. [2009](#eap1919-bib-0003){ref-type="ref"}). Fully representing complex migration patterns therefore requires a quantitative approach that accounts for movements among multiple habitat types, both between and within seasons.

Network analysis of landscape‐level habitat linkages offers a powerful tool for exploring complex interrelationships between habitat patches and quantitatively assessing the relative contributions of different areas to spatial networks (Bodin and Saura [2010](#eap1919-bib-0009){ref-type="ref"}). Mathematically, network analysis is a branch of graph theory that deals with pairwise relationships among a set of objects or entities. Integrating information about the connections (i.e., edges) between each pair of entities (i.e., nodes), allows for mathematical assessment of the properties of the community as a whole and the comparative roles of its individual elements. Although network analysis has been used in ecological studies for several decades to examine gene flow between individuals (Dyer et al. [2010](#eap1919-bib-0083){ref-type="ref"}), to assess theoretical movements of dispersing organisms across interconnected habitat patches (Bodin and Saura [2010](#eap1919-bib-0009){ref-type="ref"}), and to quantify effects of landscape structure on connectivity, dispersal, and demography (Minor and Urban [2008](#eap1919-bib-0046){ref-type="ref"}, Engelhard et al. [2017](#eap1919-bib-0019){ref-type="ref"}, Leonard et al. [2017](#eap1919-bib-0038){ref-type="ref"}, Wiederholt et al. [2017](#eap1919-bib-0079){ref-type="ref"}), its use in analysis of individual movement data has only recently begun to emerge (Jacoby and Freeman [2016](#eap1919-bib-0029){ref-type="ref"}). One of the challenges inherent in these types of applications is that the locations of nodes within the network has to be inferred from the data themselves, except in the case of telemetry studies with receivers in fixed locations (Jacoby et al. [2012](#eap1919-bib-0081){ref-type="ref"}, Stehfest et al. [2013](#eap1919-bib-0084){ref-type="ref"}). However, targeted applications of network analysis to individual movement data have provided insights into the spread of disease (Tian et al. [2015](#eap1919-bib-0074){ref-type="ref"}), landscape‐scale population structure (Knight et al. [2018](#eap1919-bib-0035){ref-type="ref"}), and the importance of stopover sites along migration routes (Shimazaki et al. [2004](#eap1919-bib-0068){ref-type="ref"}).

Telemetry studies that collect individual time series on movements of migratory species offer capacity to construct network models that incorporate movements of individual animals between discrete areas (Shimazaki et al. [2004](#eap1919-bib-0068){ref-type="ref"}, Rhodes et al. [2006](#eap1919-bib-0055){ref-type="ref"}, Knight et al. [2018](#eap1919-bib-0035){ref-type="ref"}). One such effort is the Atlantic and Great Lakes Sea Duck Migration Study (Sea Duck Joint Venture [2014](#eap1919-bib-0065){ref-type="ref"}), which has focused on the collection of satellite telemetry data from individual sea ducks (tribe: Mergini) across multiple species in eastern North America, in order to understand landscape‐scale movement patterns and migratory habitat linkages. Since 2002, the project and other associated tracking efforts have collected annual cycle movement data from 672 individual birds representing five species, including Common Eider (*Somateria mollissima*), Black Scoter (*Melanitta americana*), Surf Scoter (*M*. *perspicillata*), White‐winged Scoter (*M*. *deglandi*), and Long‐tailed Duck (*Clangula hyemalis*). To date, analyses of these data have focused on species‐specific movement patterns and habitat use (Loring et al. [2014](#eap1919-bib-0041){ref-type="ref"}, Beuth et al. [2017](#eap1919-bib-0007){ref-type="ref"}, Spiegel et al. [2017](#eap1919-bib-0071){ref-type="ref"}, Meattey et al. [2018](#eap1919-bib-0045){ref-type="ref"}). However, the complete dataset provides a unique opportunity to examine and compare movement patterns across several sympatric species tracked simultaneously. Multi‐species habitat analyses can provide insights into habitat use that transcend conclusions based on a single species and highlight landscape features with broad conservation importance (Block et al. [2011](#eap1919-bib-0008){ref-type="ref"}, Hindell et al. [2011](#eap1919-bib-0027){ref-type="ref"}, Raymond et al. [2015](#eap1919-bib-0054){ref-type="ref"}).

We developed a spatially explicit, multi‐species network model of habitat linkages to assess movement patterns of five species of sea ducks in eastern North America named in the paragraph above. We first derived a migration network from tracking data by using state‐space modeling to identify locations of residency and spatial cluster analysis to group resident points into a directed network of interconnected nodes. We then applied the quantitative tools of graph theory to distinguish key habitat locations and evaluate links between them. Our objectives included (1) evaluating the relative importance of key habitat sites within a network of interconnected migratory pathways, (2) determining whether site‐ or flyway‐specific subgroups exist within broader sea duck populations in the region, and (3) assessing annual cycle habitat linkages and overlap at the landscape scale for sympatric sea duck species.

Methods {#eap1919-sec-0002}
=======

Study area {#eap1919-sec-0003}
----------

We captured sea ducks in multiple areas along the Atlantic coast and Great Lakes of North America during the molting, staging, and wintering time periods (October--March) between 2002 and 2017 (Fig. [1](#eap1919-fig-0001){ref-type="fig"}a; Appendix [S1](#eap1919-sup-0001){ref-type="supplementary-material"}: Table S1). In order to maximize capture efficiency, sampling locations were selected to represent locations and time periods of particularly high non‐breeding concentrations of each species. This approach resulted in lack of sampling efforts in less‐utilized winter and staging sites; however, given the tendency of waterfowl to form large aggregations during non‐breeding (Weller and Batt [1988](#eap1919-bib-0077){ref-type="ref"}), sampling known areas of high sea duck concentrations allowed us to efficiently target the majority of the study populations. Capture efforts for long‐tailed ducks, White‐winged Scoters and Surf Scoters focused primarily on wintering sites, with transmitter distribution allocated according to concentrations of birds observed during the Atlantic Winter Sea Duck Survey. Additional sampling of long‐tailed ducks on Lake Michigan was added late in the project to account for gaps in observed data. Capture efforts for Black Scoter focused on spring migration sites in the St. Lawrence River, with additional captures of the three scoter species during fall migration and molt. Sampling of Common Eider was limited to one of three eastern subspecies (*S. m. dresseri*) during breeding and wintering periods.

![Network analysis workflow for telemetry locations. (a) Deployment of transmitters at wintering, staging, and molt sites across the eastern ranges of five sea duck species (BLSC, Black Scoter; COEI, Common Eider; LTDU, Long‐tailed Duck; SUSC, Surf Scoter; WWSC, White‐winged Scoter). (b) State‐space classification of location data (resident, magenta; transient, orange). (c) Geographic centroids for each residency period and assignment of centroids to seasonal categories (breeding, red; fall migration, yellow; winter, blue; spring migration, purple). (d) Spatial grouping of centroids using cluster analysis (i.e., nodes).](EAP-29-na-g001){#eap1919-fig-0001}

Transmitter deployment {#eap1919-sec-0004}
----------------------

We captured both sexes of subadult and adult ducks on water using a combination of decoys and netting. The majority of captures used floating nets (1.3 × 18 m^2^, 127‐mm mesh), which were positioned above water as mist nets to catch birds in flight (Brodeur et al. [2008](#eap1919-bib-0012){ref-type="ref"}), submerged as gillnets to catch birds during dives (Breault and Cheng [1990](#eap1919-bib-0011){ref-type="ref"}), or suspended horizontally underwater and lifted as birds swam over nets (Ware et al. [2013](#eap1919-bib-0075){ref-type="ref"}; Appendix [S1](#eap1919-sup-0001){ref-type="supplementary-material"}: Table S1). Additional capture techniques included night‐lighting and dip‐netting for wintering birds roosting on the water, and net‐gunning. Female Common Eiders in Nova Scotia were also captured at nest sites using fishing nets. We determined age by measuring bursa depth and sex by examination of cloaca (Sea Duck Joint Venture [2015](#eap1919-bib-0066){ref-type="ref"}) and measured body mass with a Pesola spring scale (Pesola AG, Schindellegi, Switzerland; ±5 g) or digital hanging scale (UWE HS‐3000, Universal Weight Enterprise Co., Taipei, Taiwan; 2 g). Veterinarians experienced in avian surgery implanted 26--50 g coelomic‐implant Platform Transmitter Terminals (PTT; Microwave Telemetry, Columbia, Maryland, USA; Telonics, Mesa, Arizona, USA; Geotrak, Apex, North Carolina, USA; Appendix [S1](#eap1919-sup-0001){ref-type="supplementary-material"}: Table S1) into the abdominal cavity following implantation techniques described by Korschgen et al. ([1996](#eap1919-bib-0036){ref-type="ref"}). Individuals were selected for transmitter attachment based on body mass, such that transmitter mass represented less than 5% of overall body mass (Phillips et al. [2003](#eap1919-bib-0052){ref-type="ref"}). Under this criterion, all birds within the typical mass ranges of the target species were eligible for transmitter attachment; thus, individuals excluded were likely atypically small or in poor condition. Transmitters followed varying duty cycles consisting of 2--4 h "on" periods followed by 10--120 h "off" periods, resulting in one location every 0.5--5 d (for specific duty cycles by deployment event, see Appendix [S1](#eap1919-sup-0001){ref-type="supplementary-material"}: Table S1). We excluded data collected during the first 14 d following surgeries to minimize potential biases in assessments of habitat use patterns and movement dynamics due to surgery (Esler et al. [2000](#eap1919-bib-0020){ref-type="ref"}). Argos location data were processed and disseminated through Collecte Localisation Satellites (CLS) America. PTT signals were received by equipment on polar‐orbiting National Oceanic and Atmospheric Administration and MetOp satellites. Data was transferred to the CLS America processing center in Lanham, Maryland, US where locations were estimated from the Doppler shift in the PTTs carrier frequency.

Data processing {#eap1919-sec-0005}
---------------

To construct a spatial network from telemetry data, we used the following criteria: (1) filtered and refined locations using a state‐space model of underlying movement patterns, which used step lengths and turning angles between successive points to classify locations as either resident (short‐distance, tortuous movements) or transient (long distance, linear movements); (2) assigned each resident location to a season within the annual cycle, and calculated the geographic centroid of each distinct set of individual resident locations; and (3) spatially clustered individual habitat centroids to build a simplified global habitat network.

### State‐space modeling {#eap1919-sec-0006}

We used a switching state‐space model (Jonsen et al. [2005](#eap1919-bib-0033){ref-type="ref"}) to account for both variations in data quality and changes in the underlying movement patterns that generated observed locations. This approach allowed us to simultaneously model the observation error associated with each location due to variation in data quality and interpolate a temporally regular track from data with varying temporal gaps between locations. It also allowed us to classify locations based on their probability of assignment to one of two states: resident, in which movements between successive locations are characterized by short distances and frequent directional change, or transient, in which locations are widely spaced and directional change infrequent.

Raw satellite telemetry data varies in quality of location estimates based on the configuration and number of satellites used to obtain each location. Location estimates were acquired with Argos Standard Service Processing and assigned, in decreasing order of precision, to Argos Location Classes (LC 3, 2, 1, and 0) and Auxiliary Location Processing (LC A, B, and Z). Accuracy (i.e., one standard deviation) for location estimates with LC 3, 2, 1, and 0 were \<250, 250--500, 500--1,500, and \>1,500 m, respectively (CLS [2016](#eap1919-bib-0082){ref-type="ref"}). In subsequent modeling, each point was considered to represent the center of a probability distribution based on the error associated with its location class. To allow the model sufficient information to interpolate individual tracks, we removed all individuals with less than 50 locations in LC 1‐3 (typically, individuals with one month or less of location data) prior to analysis. During modeling, we interpolated tracking data to 1‐d intervals based on the most likely paths between locations. We did not interpolate over time periods of \>7 d between successive locations, because longer temporal gaps produce unrealistic movement trajectories (Jonsen et al. [2005](#eap1919-bib-0033){ref-type="ref"}). Based on the duty cycles of the transmitters, the maximum programmed gap between locations for a correctly functioning unit was 5 d (120 h); thus, 92% of locations were separated by gaps of ≤7 d.

We ran all models in the bsam package (Jonsen et al. [2005](#eap1919-bib-0033){ref-type="ref"}, Jonsen [2016](#eap1919-bib-0032){ref-type="ref"}) in R (R Core Team [2018](#eap1919-bib-0053){ref-type="ref"}) using a switching first difference correlated random walk model with a 1‐d time step, 5,000 burn‐in samples for model training, and 5,000 posterior samples for analysis. We thinned posterior samples by selecting every fifth sample to reduce autocorrelation and computing time, and used a 0.1 smoothing parameter. While thinning is not a necessary step, it may be justified in cases where it substantially reduces computational efficiency or where extensive post‐processing is required (Link and Eaton [2012](#eap1919-bib-0040){ref-type="ref"}), and in this case was necessary to efficiently process a large number of individual tracks and locations. Model outputs included probable daily locations with 2.5%, 50%, and 97.5% confidence intervals, as well as a score from 1 to 2 (hereafter, *b*) indicating the average assignment of the location to either a transient (1) or resident (2) behavioral state across all retained samples (Fig. [1](#eap1919-fig-0001){ref-type="fig"}b).

### Season assignment {#eap1919-sec-0007}

We assigned each resident location (Fig. [1](#eap1919-fig-0001){ref-type="fig"}b) to one of four distinct seasons (wintering, spring staging, breeding, or flight feather molt/fall staging) based on its position within the annual cycle. Individuals that did not attend likely breeding sites (i.e., terrestrial locations near inland water bodies) generally occupied the same sites during both summer and fall staging, and were therefore considered to progress directly to fall staging. Because many individuals did not attend breeding sites, or occupied only a single breeding site per year (as opposed to multiple sites during migration and wintering periods), there were proportionally fewer sites assigned to the breeding state (12%) than to fall migration (30%), winter (32%), or spring migration (26%; Table [1](#eap1919-tbl-0001){ref-type="table"}).

###### 

Sample sizes for transmitter deployments on five species of sea ducks in eastern North America, 2002--2017

  Species                     Transmitters deployed   Retained in network   Habitat centroids                                           
  --------------------------- ----------------------- --------------------- ------------------- ----- ----- ------- ------- ----- ----- -------
  Black Scoter                113                     532                   89                  42    47    1,193   325     399   98    371
  Surf Scoter                 207                     427                   139                 75    64    1,075   342     283   99    351
  White‐winged Scoter         96                      315                   83                  21    62    550     213     113   62    162
  Common Eider (*dresseri*)   91                      396                   76                  15    61    395     135     34    126   100
  Long‐tailed Duck            165                     187                   89                  30    59    510     164     146   78    122
  Total                       672                     338                   476                 183   293   3,723   1,179   975   463   1,106

See Fig. [1](#eap1919-fig-0001){ref-type="fig"} for specific deployment locations and years.

John Wiley & Sons, Ltd

We defined a period of residency as a set of two or more resident locations (*b *\>* *1.5) separated before and after by two or more transient locations (*b *≤* *1.5). Most resident points had high probabilities of assignment to the resident state: 82% of all resident locations had *b* values ≥ 1.9, and 95% had *b* values ≥ 1.7. For each residency period, we calculated the duration of residency as well as the geographic centroid of all locations (Fig. [1](#eap1919-fig-0001){ref-type="fig"}c). Locations with 1.5 \< *b *\<* *1.7 typically occurred either just after an individual arrived at a resident site, or just before it departed, with high‐probability locations (*b *≥* *1.9) forming the core of each resident centroid.

### Spatial clustering {#eap1919-sec-0008}

To define the spatial configuration of habitat areas represented by individual habitat centroids, we used an unsupervised clustering approach, which classifies data based on features of the data itself rather than using pre‐defined groupings. We first selected the optimal number of clusters using the NbClust package (Charrad et al. [2014](#eap1919-bib-0014){ref-type="ref"}) in R (R Core Team [2018](#eap1919-bib-0053){ref-type="ref"}), which compares clustering solutions across a suite of algorithms. We clustered habitat centroids based on latitude and longitude using complete linkages, allowing the total number of clusters (*k*) to vary from 20 ≤ *k *≤* *50. We chose this interval by testing a larger range of cluster values (0 \< *k *≤* *200), and found that solutions where *k *\<* *20 tended to aggregate discrete habitat areas (e.g., Delaware and Chesapeake Bays), while solutions where *k *\>* *50 tended to subdivide areas of dense and relatively uniform habitat use (e.g., Long Island Sound). We chose to assign all locations to clusters, rather than allowing for outliers, to account for the varying densities of sea ducks across the annual cycle, Since individual centroids were farther apart during breeding than wintering, assigning all locations to clusters allowed us to identify loosely grouped breeding sites as nodes rather than discrete locations.

Because several different cluster solutions were recommended by multiple algorithms, we chose the largest number of clusters (*k *=* *31) that resulted in a significantly improved D‐index value (i.e., minimized the distance between clusters relative to the distance between points within clusters) for the overall cluster solution. We then assigned centroids to clusters using a standard nearest‐neighbor clustering algorithm (Fig. [1](#eap1919-fig-0001){ref-type="fig"}d) and computed between‐cluster linkages by counting direct movements between each possible pair of clusters. We also tested the two cluster solutions with the second‐ and third‐highest D‐index values (*k *=* *25 and *k *=* *21) and found that that the same general areas scored highly in our analyses regardless of which solution was used to construct the network.

For each individual, we removed the first habitat centroid to avoid inflating the relative importance of capture locations. Since capture sites were selected to represent high‐use areas, this step may have resulted in down‐weighting the importance of sites used for capture; however, since individuals frequently used more than one habitat centroid within a node, overall node‐level importance values did not vary depending on whether the first centroid was removed or retained.

### Network construction {#eap1919-sec-0009}

Based on the clusters (nodes) and cluster pairs (edges) defined by cluster analysis, we constructed directed (i.e., edges could be incoming, outgoing, or both) global and species‐specific network graphs. To ensure equal contributions by each species to the global network, each habitat centroid and edge was weighted by the inverse proportion of the number of centroids/edges collected from that species (*N* ~sp~) to the total number of centroids/edges across all species (N; Table [1](#eap1919-tbl-0001){ref-type="table"}). Within each species, we evaluated network use separately by sex. This allowed us to test how conclusions differed depending on which sex(es) were included, because female waterfowl are generally considered better representatives of use of breeding habitat than males. We constructed networks using the igraph R package (Csardi and Nepusz [2006](#eap1919-bib-0017){ref-type="ref"}, Csardi [2015](#eap1919-bib-0016){ref-type="ref"}) and conducted all subsequent analyses in igraph and Conefor 2.6 (Saura and Torne [2009](#eap1919-bib-0063){ref-type="ref"}).

The structure and analysis of network models can be influenced by the selection and treatment of weighting factors, both for nodes and for edges (Opsahl et al. [2010](#eap1919-bib-0048){ref-type="ref"}). For habitat networks, weights may be based on distance, area, and/or frequency of use (Bodin and Saura [2010](#eap1919-bib-0009){ref-type="ref"}). To evaluate the sensitivity of node importance to different weighting schemes, we calculated all centrality and importance metrics using four different weighting schemes: species‐weighted (all species contribute equally to the network), individual‐weighted (all individuals contribute equally to the network), species‐ and individual‐weighted (individuals contribute equally to each species, and each species contributes equally to the network), and duration‐weighted (each centroid is weighted by the number of consecutive days it was occupied as a proportion of the year). Specific details of calculation methods and final weights are included in Appendix [S2](#eap1919-sup-0002){ref-type="supplementary-material"}: Table S1. Although absolute scores for centrality varied depending on node and edge weights, relative scores remained consistent regardless of weighting (Appendix [S2](#eap1919-sup-0002){ref-type="supplementary-material"}: Table S1). We, therefore, chose to construct the model using species‐weighted frequencies for both nodes and edges. This meant that each species contributed equally to both importance of habitat locations and linkages among habitats in the global model, and that individuals with more location data contributed relatively more weight to the model than those with fewer locations. We also assessed the sensitivity of the model to the inclusion of data from the *dresseri* Common Eider, which occupies a more restricted range than the other populations included in the analysis. Since centrality results for the global model were not substantially altered by inclusion of data from this species (Appendix [S2](#eap1919-sup-0002){ref-type="supplementary-material"}: Table S2), we chose to retain these data in multi‐species assessments.

Network analyses {#eap1919-sec-0010}
----------------

### Centrality {#eap1919-sec-0011}

For both global and species‐specific models, we evaluated the importance of individual nodes within the network using the number of shortest pathways through the network that pass through a node (i.e., betweenness centrality; Freeman [1977](#eap1919-bib-0022){ref-type="ref"}). We further calculated the number of incoming and outgoing connections to a node (i.e., indegree and outdegree centrality, respectively; Freeman [1979](#eap1919-bib-0023){ref-type="ref"}) to measure specific aspects of the node\'s potential role in population structure. These three centrality measures provide complementary information: betweenness centrality evaluates the importance of habitat patches to various migratory pathways through the overall habitat network, while in‐ and out‐degree centrality show the extent to which the node serves as a mixing point among individuals from different portions of the species' range. To account for the number of observed movements between locations (i.e., edge weights), we calculated node centrality measures at α = 0.5 (Opsahl et al. [2010](#eap1919-bib-0048){ref-type="ref"}), which adjusts scores of nodes so the number and strength of their links to other nodes contribute equally to overall importance values. The three centrality metrics we chose are relatively robust to differences in frequency of node use, allowing us to identify nodes that play key roles in linking other nodes together regardless of how often, or by how many individuals, they are used.

### Connectivity {#eap1919-sec-0012}

To evaluate the contribution of individual nodes to total habitat connectivity across the network, we conducted sequential removal of individual nodes from the network and evaluated the resulting change in overall probability of connectivity (dPC: Saura and Pascual‐Hortal [2007](#eap1919-bib-0062){ref-type="ref"}, Bodin and Saura [2010](#eap1919-bib-0009){ref-type="ref"}). Greater dPC values correspond to nodes whose removal resulted in greater decreases in network‐wide connectivity (i.e., nodes with greater dPC values contributed more than those with lesser values to total network connectivity). Like the centrality measures we chose, dPC can identify even a less‐used node as an important habitat linkage, providing its removal substantially impedes movement through the network.

### Modularity {#eap1919-sec-0013}

To identify sets of nodes with stronger linkages to one another than to the remaining nodes in the network (i.e., modules) and determine the overall degree of modularity across the network, we used the Girvan‐Newman algorithm (Girvan and Newman [2002](#eap1919-bib-0025){ref-type="ref"}). This allowed us to simultaneously find modules and calculate modularity without selecting the expected number of modules a priori. Using this algorithm, a network in which each group of nodes is completely connected within‐group, with no between‐group connections (i.e., a fully modular network) would receive a modularity score of one, whereas a fully connected network with no defined groups would receive a score of zero. In the context of migratory connectivity (Webster et al. [2002](#eap1919-bib-0076){ref-type="ref"}), a network with strong connectivity would be highly modular and score closer to 1, while a network with weak connectivity would score closer to zero.

### Species‐specific networks {#eap1919-sec-0014}

After defining the global network with equal contributions from each species and calculating multi‐species centrality and connectivity, we evaluated the use of the global network by individual species and by sex within species. We did this by removing all non‐target species and sexes, reweighting nodes and edges using only the movements of the target group, and using the new weights to recalculate centrality and dPC values. We then evaluated species‐level differences in node centrality and dPC relative to the global model and the other species, as well as within‐species differences between male and female network use. We also assessed the representativeness of individual‐species networks by calculating the percentage of global centrality contained in each species‐specific network.

Results {#eap1919-sec-0015}
=======

The global network for all sea duck species spanned \~26° of latitude and 15° of longitude and included 31 nodes (Table [2](#eap1919-tbl-0002){ref-type="table"}, Fig. [2](#eap1919-fig-0002){ref-type="fig"}), with eight nodes used by all five sea duck species; 19 nodes by two to four species; and 4 nodes by only one species. The highest density of habitat centroids occurred in nodes primarily used during winter and migration, while breeding areas showed much lower overall centroid densities (Fig. [2](#eap1919-fig-0002){ref-type="fig"}).

###### 

Proportional overlap between species‐specific networks in centrality and total network connectivity (dPC) for five sea duck species in eastern North America, 2002--2017

  Species                            Global   Black Scoter   Common Eider (*dresseri*)   Long‐tailed Duck   Surf Scoter   White‐winged Scoter
  ---------------------------------- -------- -------------- --------------------------- ------------------ ------------- ---------------------
  Betweenness centrality                                                                                                  
  Black Scoter                       0.92     1.00           1.00                        0.49               0.97          1.00
  Common Eider *(dresseri)*          0.59     0.53           1.00                        0.17               0.65          0.80
  Long‐tailed Duck                   0.98     0.97           0.97                        1.00               0.97          1.00
  Surf Scoter                        0.96     1.00           1.00                        0.71               1.00          1.00
  White‐winged Scoter                0.93     0.98           1.00                        0.64               0.84          1.00
  Total network connectivity (dPC)                                                                                        
  Black Scoter                       0.98     1.00           1.00                        0.54               1.00          0.99
  Common Eider (*dresseri*)          0.78     0.40           1.00                        0.08               0.66          0.86
  Long‐tailed Duck                   0.97     0.93           0.95                        1.00               0.89          0.99
  Surf Scoter                        0.99     0.98           1.00                        0.70               1.00          1.00
  White‐winged Scoter                0.95     0.96           1.00                        0.56               0.77          1.00
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![Node locations, footprints, and descriptions for the global movement network for five species of sea ducks (Black Scoter, Surf Scoter, White‐winged Scoter, Long‐tailed Duck, and *dresseri* Common Eider), 2002--2017.](EAP-29-na-g002){#eap1919-fig-0002}

Use of the global network varied among seasons (Fig. [3](#eap1919-fig-0003){ref-type="fig"}). Notably, while pre‐breeding staging and migration primarily occurred along the Atlantic Coast, post‐breeding molt and migration to winter sites tended to be associated more with inland sites and routes, with James Bay serving as an intermediate stopover between summerand winter sites. Individuals were tightly grouped in limited portions of the network during winter, spring staging, and spring migration, but occupied a broader and more dispersed network during breeding and post‐breeding molt, and migration to winter sites.

![Movement network for five species of sea ducks (Black Scoter, Surf Scoter, White‐winged Scoter, Long‐tailed Duck, and *dresseri* Common Eider) by season within the annual cycle, 2002--2017. (a) All movements and proportional occupancy of nodes by season, (b) movements within winter (blue) and breeding (red) seasons, and (c) spring (purple) and fall (yellow) migration routes and stopover sites. Node size is proportional to the number of habitat centroids in each node. Edges represent number (width) and direction(s) (arrowheads) of individual movements between nodes.](EAP-29-na-g003){#eap1919-fig-0003}

Globally, network centrality values were greatest in the St. Lawrence River estuary, followed by Nantucket Sound and southeast James Bay (Fig. [4](#eap1919-fig-0004){ref-type="fig"}a--c). While absolute centrality values varied between the three centrality measures we examined, nodes with greater degree centrality generally also had greater betweenness. dPC values (i.e., total network connectivity) were greatest for Nantucket Sound, the St. Lawrence River estuary, and Long Island Sound (Fig. [4](#eap1919-fig-0004){ref-type="fig"}d). All other sites had lesser dPC values, particularly across breeding and southern wintering areas.

![Four measures of centrality of the global network based on pooled data from five species of sea ducks (Black Scoter, Surf Scoter, White‐winged Scoter, Long‐tailed Duck, and *dresseri* Common Eider), 2002--2017. (a) Indegree centrality is based on the number of incoming connections to each node, (b) outdegree centrality is based on the number of outgoing connections, (c) betweenness centrality measures the number of shortest paths between other nodes that include each node, and (d) total network connectivity measures the decrease in network‐wide probability of connectivity (dPC) caused by removing a given node. Node size is proportional to the log number of habitat centroids in each node.](EAP-29-na-g004){#eap1919-fig-0004}

The Girvan‐Newman algorithm defined two modules within the global network, with one module containing 11 nodes distributed across the network (node numbers 2--8, 13, 15, 17, and 31) and the other containing the remaining 20 nodes. The two modules overlapped broadly in space, with no clear geographic boundaries between modules, and the modularity score (0.16) indicated weak modularity. Modularity scores for species‐specific networks ranged from 0.02 to 0.19 (0.13 ± 0.06 \[mean ± SD\]).

Network use varied among species, with no two species using identical subsets of the global network (Fig. [5](#eap1919-fig-0005){ref-type="fig"}). Black and Surf Scoters had the greatest degree of overlap among species, with 25 shared nodes. Key sites within their networks also differed between species (Fig. [6](#eap1919-fig-0006){ref-type="fig"}). For Surf and White‐winged Scoters, centrality values most exceeded multi‐species averages at winter sites (Chesapeake Bay and Nantucket Sound, respectively); while for Long‐tailed Ducks and Black Scoters, sites of unique importance included staging and molt sites (northern Hudson Bay and southeast James Bay, respectively; Fig. [6](#eap1919-fig-0006){ref-type="fig"}). Within species, network use was generally similar between males and females, with little variation in centrality values depending on sex, although breeding sites generally had slightly higher dPC values for females while molt sites had higher values for males (Fig. [7](#eap1919-fig-0007){ref-type="fig"}).

![Species‐specific subnetworks overlaid on range maps for (a) Black Scoter (Eastern North American population), (b) Surf Scoter (Eastern and Western North American populations), (c) White‐winged Scoter (Eastern and Western North American populations), (d) Long‐tailed Duck (Eastern North American population), and (e) Common Eider (Eastern North American population, *dresseri* subspecies), 2002--2017. Range maps are adapted from BirdLife International species distributions (del Hoyo et al. [2014](#eap1919-bib-0018){ref-type="ref"}). Network nodes show proportional occupancy by season (red, breeding; yellow, fall migration; blue, winter; purple, spring migration). Node size is proportional to the number of habitat centroids in each node. Edges represent number (width) and direction (arrowheads) of individual movements between nodes. Only edges with weights \>10 are shown.](EAP-29-na-g005){#eap1919-fig-0005}

![Species‐specific dPC values compared to global values for (a) Black Scoter, (b) Surf Scoter, (c) White‐winged Scoter, (d) Long‐tailed Duck, and (e) *dresseri* Common Eider, 2002--2017. Nodes with positive values (red) were more central to the single‐species network than the global network, nodes with negative values (blue) were less central compared to the global network, and nodes with zero values (white) were equally central. Node size is proportional to the log number of habitat centroids in each node.](EAP-29-na-g006){#eap1919-fig-0006}

![Differences in sex‐specific dPC values in single‐species networks for (a) Black Scoter, (b) Surf Scoter, (c) White‐winged Scoter, (d) Long‐tailed Duck, and (e) *dresseri* Common Eider, 2002--2017. Nodes with positive values (red) were more central for females than for males, negative values (blue) were more central for males than females, and zero values (white) were equally central for both sexes. Node size is proportional to the log number of habitat centroids in each node.](EAP-29-na-g007){#eap1919-fig-0007}

Among single‐species models, the sub‐network including only Long‐tailed Duck data was the most representative of the overall species assemblage, capturing \~98% and 97% of global network centrality and dPC values, respectively (Table [2](#eap1919-tbl-0002){ref-type="table"}). The Long‐tailed Duck sub‐network represented 96--100% of total centrality and 89--100% of total dPC for each of the other four species included in the global network. The surf scoter network was also effective in representing global network centrality (96%) and global network dPC (99%); however, it was not as effective as the Long‐tailed Duck network in representing important nodes for individual species (70--100%). The least representative network was based on common eider data, which captured 59% of global network centrality and 78% of global dPC.

Discussion {#eap1919-sec-0016}
==========

Applying network analysis to multi‐species telemetry data provides a basis for extrapolating population‐ and guild‐wide patterns of migration and habitat use, as well as examining species‐specific differences in migratory patterns. Our findings emphasize the conservation importance of staging and molt sites to linking annual cycle habitats for multiple species of sea ducks in eastern North America. From a conservation standpoint, network analysis suggests the need to integrate management efforts across the Atlantic and Mississippi flyways in order to better represent year‐round movements of the full multi‐species assemblage, and highlights a potential umbrella species (long‐tailed ducks) that effectively encompasses the habitat needs of multiple sympatric sea duck species.

Multi‐species network use {#eap1919-sec-0017}
-------------------------

To compare the importance of different nodes within the multi‐species habitat network, we focused on degree centrality, betweenness centrality, and change in probability of connectivity following node removal (dPC). These metrics were generally in agreement about the relative importance of specific sites. Nodes with high degree centrality values represent locations used by individuals from multiple locations across the range of a species. From a population standpoint, nodes that concentrate individuals from multiple locations could be hotspots for genetic mixing, disease spread, and transfer of information between individuals (Talbot et al. [2015](#eap1919-bib-0072){ref-type="ref"}, Hollmen and Franson [2015](#eap1919-bib-0028){ref-type="ref"}, Ballard et al. [2017](#eap1919-bib-0004){ref-type="ref"}). Since sea ducks form pair bonds before migrating to breeding locations (Rohwer and Anderson [1988](#eap1919-bib-0057){ref-type="ref"}, Oring and Sayler [1992](#eap1919-bib-0049){ref-type="ref"}), overlap during non‐breeding periods is particularly relevant to population‐level genetic mixing. In addition, nodes that support large concentrations of individuals from throughout the network are likely to be resource rich and important for fueling energy‐intensive life stages (e.g., breeding, molt, migration), making them high‐impact targets for conservation and restoration efforts. Eight habitat nodes located in the Gulf of St. Lawrence, Gulf of Maine, and southern New England were used by all five species included in the model, indicating their value as multi‐species hubs (Fig. [2](#eap1919-fig-0002){ref-type="fig"}). The Saguenay‐Saint Laurent Marine Park, which encompasses about 1,250 km^2^ of marine habitat in the St. Lawrence River Estuary, is the only restricted marine protected area (IUCN category III or greater) in these key sites. Although other protected areas exist, including fisheries management zones in New England and designated Waterfowl Gathering Areas along much of the Quebec coastline, these designations do not imply any restrictions on activities or involve any monitoring of waterfowl populations.

Three nodes in particular, Northumberland Strait, the St. Lawrence River estuary, and southeast James Bay, scored at or near the top in all four importance metrics. These nodes were used during migration, with Northumberland Strait used primarily during spring, the St. Lawrence River estuary used during both spring and fall, and southeast James Bay used primarily during fall. These nodes supported high concentrations of individuals from throughout the global network, as stopover sites between more southerly wintering locations along the Atlantic coast (30--40° latitude), and high‐Arctic breeding and molt locations (50--70° latitude). Removing these nodes substantially reduced total network connectivity (i.e., high dPC), suggesting that they cannot be readily replaced by other nodes within the existing migratory network. Breeding and wintering areas generally had lower centrality and dPC values than staging and molt sites used during migration. The exceptions were Nantucket and Long Island sounds, located at the northern edge of the species' winter ranges along the Atlantic coast. These nodes concentrated large numbers of individuals during winter, and also functioned as migratory stopovers for birds traveling to more southerly coastal wintering sites.

Both global and species‐specific network models showed highly interconnected habitat networks with no obvious modularity, suggesting that, within their eastern North America ranges, the populations of sea ducks included in this study cannot be divided into readily identifiable sub‐populations based on migratory patterns alone. Our analysis showed highly complex migration patterns, including considerable overlap at shared migration stopovers and considerable movement among sites during the migration and wintering periods. Since pair bonding in sea ducks occurs during non‐breeding, this extensive non‐breeding overlap is likely to facilitate a high degree of mixing in the overall population. An exception is Lake Michigan, which was not connected to other wintering sites. This may indicate potential isolation of this node from the rest of the eastern network, although individuals wintering on Lake Michigan occupied common breeding and migratory staging nodes to those used by individuals from other wintering sites. Although lack of evidence for spatial subgroups does not necessarily indicate that no barriers to gene flow exist (Friesen et al. [2007](#eap1919-bib-0024){ref-type="ref"}), the general lack of modularity and extensive overlap during all seasons suggests that these species likely function as a single population across their eastern ranges. In eastern North America, migratory sea ducks are managed according to a flyway‐based scheme that separates the population overwintering in the great lakes (Mississippi Flyway) from the Atlantic coast (Atlantic Flyway; Smith et al. [1989](#eap1919-bib-0069){ref-type="ref"}). While this system effectively represents the north‐south migration patterns of freshwater ducks, it is less representative of the east‐west migratory movements of sea ducks. Moreover, our analysis suggests that populations from these two flyways are highly connected across the annual cycle, including during winter, and rely on key shared sites year‐round. Consolidating management efforts across these two flyways could thus provide a more comprehensive and ecologically meaningful framework for fully representing habitat needs across the entire, interconnected population.

Variation in network use among species {#eap1919-sec-0018}
--------------------------------------

Despite considerable between‐species overlap in network use, analysis of species‐specific subnetworks yielded insight into key differences in site use and importance between species. For example, while the three scoter species showed broadly similar migration patterns, they differed in use and importance of particular nodes. Compared to other species and to the global network, black scoters had greater dPC values in southeast James Bay, which served as a hub linking breeding and wintering sites during summer and fall staging. This confirms the results of previous aerial surveys documenting the importance of James Bay to molting (mostly male) Black Scoters (Ross [1983](#eap1919-bib-0058){ref-type="ref"}). Our findings support the importance of James Bay as a key facilitator of network‐scale habitat linkages and population interactions for Arctic‐breeding migratory birds. While the southeast James Bay node was particularly important for Black Scoters, it also had some of the greatest overall values for multi‐species centrality and total network connectivity (dPC), indicating that its importance extends across the suite of migratory sea ducks. In contrast, surf and white‐winged scoters were relatively less reliant on James Bay, but showed greater dPC values for the St. Lawrence River during spring staging. While dPC values of migratory routes and stopover sites were similar in these two species, their network use differed during winter and breeding. Winter sites along the mid‐Atlantic coast and breeding locations east of Hudson Bay were comparatively more important for total network connectivity in surf scoters than for other species, while white‐winged scoter network connectivity was comparatively greater at winter sites in southern New England and Lake Ontario and breeding sites west of Hudson Bay. Our results suggest that sympatry between these two scoter species is likely to be higher during migration than during other periods of the annual cycle.

Our analysis also provides insights into how effectively individual species represent multi‐species distribution patterns. Long‐tailed Ducks provided the most representative network, in that the subset of the network used by Long‐tailed Ducks captured \~98% of multi‐species network centrality. Long‐tailed Ducks used a more inland migratory route than the three scoter species, linking the mid‐Atlantic, Great Lakes, and northwestern Hudson Bay while largely bypassing the Gulf of Maine and Atlantic Canada. This pattern likely reflects the distribution of these species following the last glaciation (Talbot et al. [2015](#eap1919-bib-0072){ref-type="ref"}). Long‐tailed Ducks also occupied unique staging sites in northwestern Hudson Bay, which they used primarily during the period following spring arrival but preceding thaw at breeding sites (Mallory et al. [2006](#eap1919-bib-0042){ref-type="ref"}). These sites were a particularly important network hub for this species, but were rarely used by individuals of other species, and therefore did not rank highly in the global model. However, since the long‐tailed duck network included key areas of multi‐species overlap in addition to unique habitat areas, it encompassed the core of the other four species' networks despite diverging in breeding and molt ranges. This may result in part from biological characteristics: while scoters and eiders feed primarily on bivalves (Perry et al. [2007](#eap1919-bib-0051){ref-type="ref"}), long‐tailed ducks are generalists that consume a wide variety of prey types (Bustnes and Systad [2001](#eap1919-bib-0013){ref-type="ref"}). From a conservation and monitoring standpoint, our results suggest that Long‐tailed Ducks can act as an umbrella species (Lambeck [1997](#eap1919-bib-0037){ref-type="ref"}) for representing habitat needs and landscape‐scale changes that affect the full suite of sympatric sea ducks in eastern North America, making them particularly high‐value targets for monitoring and conservation.

Sampling considerations {#eap1919-sec-0019}
-----------------------

Movement patterns of sea ducks are known to vary based on sex, since females are more likely to attend breeding sites than males, while males may visit a greater variety of non‐breeding molt sites and stopover locations compared to females (Oring and Sayler [1992](#eap1919-bib-0049){ref-type="ref"}). Nevertheless, our results suggest that, in a network context, either sex provides similar information about overall range‐wide occupancy and habitat linkages. While some questions (e.g., breeding site fidelity, length of nest attendance) might be more appropriately answered by studying one sex than another, it is useful to note that studies of overall movement patterns are not likely to be biased by the sex ratio of the initial sample. However, it is important to note the relatively low proportion of breeding sites in our final sample (12% vs. 26--32% for other seasons). Although we attempted to account for this difference by selecting importance metrics that measure the role of nodes in movement pathways rather than their absolute use, differential attendance at breeding sites by males and females, as well as within sexes, likely contributed to the lower importance values we calculated for breeding nodes. Moreover, age of ducks may influence sex‐specific movements. Limited banding data from Long‐tailed Ducks breeding in Churchill, Manitoba, Canada indicate that second‐year males do not go to breeding areas, but second‐year females do (Alison [1975a](#eap1919-bib-0001){ref-type="ref"}, [b](#eap1919-bib-0002){ref-type="ref"}). Of 143 Long‐tailed Ducks banded during June 2005--2012, no second‐year males were captured, but 13 second‐year females were (M. C. Perry, *personal observation*).

Another key consideration in designing movement networks is identifying potential biases in sampling that may affect the representativeness of the sample population. In this study, tracking of Common Eiders was limited to *S. m. dresseri*, one of three geographically distinct subspecies of Common Eider in eastern North America (Joint Working Group on the Management of the Common Eider [2004](#eap1919-bib-0031){ref-type="ref"}). While the data provide a useful representation of the subspecies' range, they do not match the scale of the data collected from the other four species, complicating inter‐species comparisons. Since the *dresseri* Common Eider occupied a subset of the multi‐species network that was highly central for the other species included in the analysis, including or excluding the species from the global model did not substantially affect our results; however, it is important to consider the potential effects of mismatches in sampling range or scale when pooling multiple sympatric species for analysis. Chance sampling biases may have existed for other species, but because all were sampled across similar time periods and ranges, we concluded that data could reasonably be pooled and compared among species. In addition, node use represents a relatively coarse‐scale approximation of occurrence, and species that overlap in network analysis may still differ in fine‐scale habitat use. For example, an earlier analyses of telemetry locations of Surf and Black Scoters in breeding areas of Canada showed no significant differences between the latitude and longitude of the two species; however, there were significant differences between the habitat used in these areas by the two species (Perry et al. [2006](#eap1919-bib-0050){ref-type="ref"}).

Conservation and management implications {#eap1919-sec-0020}
----------------------------------------

Our work provides a framework for using multi‐species telemetry data to prioritize sites within complex migratory networks. In the case of sea ducks, sites used during staging and molt, particularly southeastern James Bay, the Northumberland Strait of New Brunswick, the St. Lawrence Estuary, and southern New England, emerged as important locations in multi‐species analyses of centrality and total network connectivity. These sites represent particularly important targets for both population monitoring and conservation, since they concentrate individuals from various wintering and breeding sites, and cannot be easily replaced by other sites in the existing migration network if their suitability decreases. In southeastern James Bay, two coastal protected areas, the Boatswain Bay and Hannah Bay Migratory Bird Sanctuaries, lie within or adjacent to the node, although the majority of protected lands in the refuges are terrestrial (as opposed to the nearshore open‐water habitat used by sea ducks during stopovers). The St. Lawrence Estuary node includes an existing protected area, the Saguenay‐St. Lawrence Marine Park, which lies to the south of the primary use areas for sea ducks.

Our results also provide insights into strategies for effective management and monitoring of eastern North American sea ducks. The high levels of total network connectivity we found within both multi‐ and single‐species sea duck networks suggest that, with the possible exception of individuals wintering on Lake Michigan, populations of scoters and long‐tailed ducks from the Atlantic and Mississippi flyways are highly connected throughout the annual cycle and can be managed as a single population unit. Additionally, of the five species included in our analysis, we found that the long‐tailed duck network most effectively represented important habitats used by the full suite of species. This suggests that managers could obtain information on the status of key habitats and maximize multi‐species conservation benefits by focusing on this species when allocating limited resources for monitoring and restoration.
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